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Background: The enzyme synthesizing the pyrimidine moiety (HMP-P synthase or THI5p) of vitamin B, is poorly

characterized.

Results: We determined an atomic model of THI5p and have identified its active site using mutagenesis experiments.
Conclusion: THI5p forms a dimer and uses PLP as a substrate rather than as a cofactor.
Significance: Our study provides seminal information on the enzymatic mechanism of HMP-P synthase.

Vitamin B, is essential for all organisms being well recognized
as a necessary cofactor for key metabolic pathways such as gly-
colysis, and was more recently implicated in DNA damage
responses. Little is known about the enzyme responsible for the
formation of the pyrimidine moiety (4-amino-5-hydroxymeth-
yl-2-methylpyrimidine phosphate (HMP-P) synthase). We
report a structure-function study of the HMP-P synthase from
yeast, THI5p. Our crystallographic structure shows that THI5p
is a mix between periplasmic binding proteins and pyridoxal
5'-phosphate-dependent enzymes. Mutational and yeast comple-
mentation studies identify the key residues for HMP-P biosynthe-
sis as well as the use of pyridoxal 5’-phosphate as a substrate rather
than as a cofactor. Furthermore, we could show that iron binding to
HMP-P synthase is essential for the reaction.

Vitamin B, (thiamin) is vital in all organisms as a cofactor for
key cellular metabolic pathways such as glycolysis, the oxidative
pentose phosphate pathway, and the citric acid cycle, as well as
the Calvin cycle in plants (1). Vitamin B, also plays an impor-
tant role in response to DNA damage and during pathogen
attack in plants (2). Although it is an essential compound for all
forms of life, only prokaryotes, fungi, and plants are able to
perform its de novo biosynthesis. Regulation of the biosynthesis
can occur through end product feedback inhibition that
involves the direct binding of the vitamin to the mRNA of one
of the biosynthesis genes, i.e. riboswitch control (3). Interest-
ingly, although riboswitch control is maintained in bacteria and
plants, it does not appear to exist in yeast. Instead, a series of
transcription factors are proposed to regulate vitamin B, bio-
synthesis in the latter (4, 5). The general mechanism of vitamin

* This work was supported by Swiss National Science Foundation Research
Grants PPO0A-119186 (to T. B. F.), 31003A-124909 and 31003A-140924 (to
S.T.), and the University of Geneva.

I This article contains supplemental Figs. S1-S5, Tables S1and S2,and Exper-
imental Procedures.

The atomic coordinates and structure factors (codes 4H67,4H65, and 4H6D) have
been deposited in the Protein Data Bank (http://wwpdb.org/).

' Both authors contributed equally to this work.

2To whom correspondence may be addressed. Tel.: 41-22-3793016; E-mail:
Theresa fitzpatrick@unige.ch.

3 To whom correspondence may be addressed. Tel.: 41-22-3796127; E-mail:
Stephane.thore@unige.ch.

DECEMBER 7,2012+VOLUME 287 +NUMBER 50

B, biosynthesis involves the separate formation of the thiazole
and the pyrimidine heterocycles, which are then condensed to
produce thiamin pyrophosphate. In prokaryotes, the process of
pyrimidine and thiazole heterocycle formation is relatively well
characterized by both structural and mechanistic studies (1).
However, in eukaryotes, the formation of these heterocycles is
only beginning to be elucidated (6, 7). Indeed, although the
formation of the thiazole moiety appears to be conserved
between fungi and plants employing the key gene THI4 (anno-
tated THI1 in plants), it is different from the route employed by
bacteria. The latter reaction has recently been reconstituted from
yeast and employs the THI4 protein in a suicide mechanism using
NAD™ as a precursor (8). However, the formation of the pyrimi-
dine moiety is very different even between fungi and plants. In
plants, the formation of the pyrimidine moiety, 4-amino-5-
hydroxymethyl-2-methylpyrimidine phosphate (HMP-P),* fol-
lows the same route as bacteria employing the THIC enzyme and
5-aminoimidazole ribonucleotide as a precursor (7). There is no
homolog of THIC in fungi; instead HMP-P is biosynthesized by
members of the THIS gene family (9). Moreover, isotopic label-
ing studies have indicated that HMP is derived from pyridoxine
and histidine in yeast rather than 5-aminoimidazole ribonucle-
otide (10, 11). Therefore, the last important piece to complete
our understanding of de novo thiamin biosynthesis across all
organisms is a structural and functional characterization of a
member of the THI5 family. Very recently, an important step
forward has been made by Lai et al. (12), who have been able to
reconstitute the THI5p-dependent HMP-P synthase activity in
vitro. However, a detailed structural analysis, incorporating a full
characterization of active site residues, an iron-binding site, and
the oligomeric state of the protein, has not yet been provided.
Here, we report on the structural and biochemical character-
ization of THI5p from Saccharomyces cerevisiae. The protein
adopts a fold related to the periplasmic binding protein (PBP)
family. Interestingly, we observe both PLP and an iron atom
bound to the protein as isolated allowing us to suggest numer-
ous residues of the active site necessary for HMP-P biosynthe-

“The abbreviations used are: HMP-P, 4-amino-5-hydroxymethyl-2-methyl-
pyrimidine phosphate; PLP, pyridoxal 5’-phosphate; PBP, periplasmic binding
protein; SeMet, seleno-methionine; BisTris, 2-[bis(2-hydroxyethyl)amino]-2-
(hydroxymethyl)propane-1,3-diol.
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sis. THI5p is a dimer and, although exceptionally using PLP as a
substrate, has notable similarities with enzymes dependent on
this molecule as a cofactor. Indeed, the proposed mechanism of
action has major implications for the regulation of vitamin B,
biosynthesis in yeast.

EXPERIMENTAL PROCEDURES

Molecular Cloning and Protein Purification—The full-length
THIS5 nucleotide sequence was amplified from the pBG1805-
ORF YFL058W plasmid (purchased from Open Biosystems)
and cloned into pET-24b for expression either with a C-termi-
nal hexahistidine tag (annotated “tagged” and used for protein
crystallization) or without any tag (annotated “untagged” and
used for protein biochemical characterization). The THI5p
proteins were expressed at 37 °C in the Escherichia coli
BL21(DE3) pRARE strain following induction with 0.2 mm iso-
propyl B-p-thiogalactopyranoside. Purification of the tagged
protein was done using a Ni*"-nitrilotriacetic acid column
(Qiagen) followed by size exclusion chromatography (Superdex
200 column, GE Healthcare). The untagged version of THI5p
was purified using a HiPrep DEAE-Sepharose Fast Flow 16/10
column (GE Healthcare) and size exclusion chromatography as
above. Details for the purification buffers are given in the
supplemental material. Seleno-methionine (SeMet)-labeled
THI5p proteins were expressed in the methionine auxotrophic
strain B834(DE3) of E. coli using M9 minimal medium with
SeMet and then purified as described above.

Numerous mutants were generated for the biochemical charac-
terization using the QuikChange II site-directed mutagenesis kit
(Stratagene) and according to the manufacturer’s instructions.
The complete list of mutations together with the oligonucleotides
used can be found in supplemental Table S1.

Crystallization—THI5p crystals were obtained only with the
His tag version of the protein and using the sitting-drop vapor
diffusion technique at 18 °C in 96-well crystallization plates
(Swiscii). The drops were prepared by mixing 0.4 ul of the solu-
tion of the tagged protein (at a concentration of 15-20 mg/ml)
with an equal volume of crystallization solution and were equil-
ibrated against 35 ul of crystallization solution. A large number
of conditions yielded crystals with very poor diffraction prop-
erties. To improve the diffraction properties of these crystals,
we engineered multiple surface mutations using the THI5p
structural model predicted by the program Phyre (13). The fol-
lowing mutants were generated: E101K/D102S (THI5p-mutant
1); K240S/E241G (THI5p-mutant 2); Q317T (THI5p-mutant
3), K240S/E241G/Q317T (THI5p-mutant 4); and E101K/
D1025/Q317T (THI5p-mutant 5). THI5p-mutant 4 and
THI5p-mutant 5 gave high diffracting crystals under the fol-
lowing conditions, respectively: 1) 0.2 M lithium sulfate mono-
hydrate, 0.1 M BisTris, pH 5.5, 25% polyethylene glycol 3350
(crystal 1); and 2) 18% 2-propanol, 0.1 M sodium citrate, pH 5.5,
20% polyethylene glycol 4000 (crystal 3). The SeMet derivative
of THI5p-mutant 4 also gave high diffracting crystals under the
following conditions: 0.2 M potassium thiocyanate, 0.1 M Bis-
Tris, pH 5.7, 27% polyethylene glycol 3350, 10% dodecyl-B-p-
maltoside (crystal 2). THI5p crystals appeared in a few hours
and grew to 50 X 50 X 10 wm. Crystal 3 was soaked with 1 mm
PLP for 24 h in the crystallization condition. Crystals were then
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transferred into cryoprotective buffers (i.e. crystallization con-
ditions supplemented with 10% glycerol) prior to flash freezing
in liquid nitrogen.

Data Collection, Structure Determination, and Refinement—
Diffraction data for THI5p-mutant 4 and THI5p-mutant 5 crys-
tals were collected at Beamline ID14-4 at the European Syn-
chrotron Radiation Facility (Grenoble, France). Single anoma-
lous diffraction datasets of SeMet-containing THI5p-mutant 4
crystals were measured on the PXIII beamline at the Swiss Light
Source, Paul Scherrer Institut, Villigen, Switzerland. The data
sets belong to the two following space groups: (i) crystal 1 in P2,
with unit cell dimensions z = 78.8 A, b = 188.4 A, and ¢ = 101.6
A and eight molecules per asymmetric unit; (i) crystal 2 in
P2,2,2, with unit cell dimensions @ = 54.4 A, b = 109.2 A, and
¢ =122.1 A and two molecules per asymmetric unit; (iii) crystal
3 in P2, with unit cell dimensions @ = 79.48 A, b = 191.84 A,
and ¢ = 101.89 A and eight molecules per asymmetric unit.
Crystallographic data are reported in Table 1.

The structure of the SeMet derivative of THI5p-mutant 4
was determined by the SAD method using the anomalous signal
of the selenium atoms. The dataset was indexed, integrated, and
scaled with the XDS package (14). Heavy atom location and
phasing were performed with the Shelx suite (15) and the
SHARP procedure (16). Furthermore, the program SOLO-
MON (17) was used for phase improvement by solvent flipping.
Model building was done using the program COOT (18). The
model was then used for phasing the datasets from the THI5p-
mutant 4 and THI5p-mutant 5 protein crystals using the
molecular replacement program Phaser from the CCP4 pack-
age (19). The atomic models were refined using the program
Phenix (20). The refinement process included successive
rounds of simulated annealing, minimization, B-factor refine-
ment, calculation of composite omit maps, and difference Fou-
rier maps. Several protein loops could not be built due to the
high flexibility that varied from molecule to molecule. The list
of absent residues in each molecule for the three reported crys-
tal structures is given in supplemental Table S2. Once we fin-
ished building the polypeptide chains, the PLP, sulfate ions, and
water molecules were added. The PLP molecules were built
within a large electron density peak observed in the F, — F,
difference density map. The electron density peak protrudes
from the Lys-62 residue to the N-terminal loop of helix 4 (sup-
plemental Fig. S1). Molecule B of crystal 1 and molecules A, B,
E, and H from crystal 3 had such electron density signals in both
the 2F, — F, and the F, — F, maps. The other molecules from
crystals 1 and 3 only showed a smaller F, — F, difference density
peak near the N-terminal loop of helix 4. In the latter cases, we
built a sulfate ion present in the respective crystallization con-
ditions used. Importantly, the architecture of the THI5p active
site was practically identical in all molecules (supplemental Fig.
S2). As the position of the built PLP molecule is unchanged in
all the molecules from crystals 1 and 3, the structural panels in
the figures were prepared using the atomic model of THI5p
refined against the dataset collected from crystal 1 as it was at
the highest resolution (2.7 A). The final models show good ste-
reochemistry as indicated by the program PROCHECK with no
residues in the disallowed regions of the Ramachandran plot
(21). Structure factors and atomic models have been deposited
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TABLE 1
Crystallographic data collection and refinement statistics
Values in parentheses are for highest resolution shell.

Structure and Mechanism of HMP-P Synthase

Crystal 1 Crystal 2 Crystal 3
Data collection ) . .

Wavelength 0.98011 A 0.97795 A 0.93940 A

Space group P2, P2,2,2, P2,

Unit cell dimensions . ) )
a,b,c 78.79,188.46, 101.67 A 54.44,109.21, 122.10 A 79.48,191.84, 101.89 A
a, B,y 90.0, 112.51, 90.0° . 90.0, 90.0, 90.0° . 90.0, 112.72, 90.0° )
Resolution 49.142t02.7 A (2.77 t0 2.7 A) 19.998 t0 2.7 (2.77 to 2.7 A) 48.190t0 2.9 A (2.98t0 2.9 A)

No. of unique reflections 71,456 38,761 61,787

Redundancy 1.92 19.37 4.82

meas 5.6 (62.7) 11.0 (129.3) 12.3 (89.6)
I/o(I) 13.68 (1.77) 25.14 (2.85) 12.90 (2.30)
Completeness 95.27% (96.5%) 100% (100%) 99.1% (98.4%)

Refinement

R o 20.75% 21.06% 22.10%

free. 24.69% 25.42% 26.26%

No. of atoms
Protein 20763 4608 20804
Ligand (PLP) 16 64
Solvent 157 109

Mean B-factors ) . .

Protein 73 A? 45 A? 61 A”
Ligand (PLP) 85 A? 45 A
Solvent 53 A? 41 A2

Root mean square deviation from ideal geometry
Bond lengths 0.012 A 0.010 A 0.010 A
Bond angles 1.435° 1.312° 1.137°

Residues in favored region of the Ramachandran plot 96.95% 96.28% 96.45%

Residues in allowed region of the Ramachandran plot 3.05% 3.72% 3.55%

Shy [ sm| |
1> () = Ini

Sh3 My,
Shl1F sl = IFegel|

a —
Rineas =

1
with /, the intensity of reflection h, (I,) = sz“lh,; and nj, the multiplicity and h the reflections indices.
h

® Ryok = B 7 = with F,ps and Fq the observed and calculated structure factors, respectively.
obs

¢ Rgeo indicates the cross-validation of R,

in the Protein Data Bank with the following Protein Data Bank
codes: crystal 1, 4H67; crystal 2, 4H65, and crystal 3, 4H6D.
Spectrometry and Static Light Scattering Analysis— The spec-
trophotometric measurements were recorded on a BioTek®
Synergy 2 microplate reader using purified untagged or tagged
THI5p (0.6 mMm) in 50 mm sodium phosphate buffer, pH 7.8,
containing 150 mm sodium chloride and 2 mm dithiothreitol in
the absence or presence of 0.1 M sodium hydroxide at room
temperature. In the case of the electrospray ionization mass
spectrometry, the samples were prepared by dialyzing 200 ul of
untagged THI5p (200 um) in the same buffer as above against
0.2% formic acid. Mass spectra were recorded on an AB Sciex
5600 TripleTOF device. For the static light scattering analysis,
THI5p (tagged or untagged) (at a concentration of 2 mg-ml ™)
was separated by size exclusion chromatography on a Superdex
200 10/300 GL column (GE Healthcare) employing 50 mm
potassium phosphate buffer, pH 7.5, containing 50 mm potas-
sium chloride and 0.01% sodium azide as the buffer, which was
connected immediately downstream to a miniDAWN TREOS
light scattering instrument (Wyatt Technologies). The data
were analyzed using the software ASTRA (Wyatt Technolo-
gies). An absorption coefficient of 52112.5 M~ '«cm ™' was used
for the calculation of the weight average molecular mass.
Ferrozine Assay—Ferrozine is a specific reagent that forms a
magenta colored complex with ferrous ions (absorbance at 593
nm (22)). The iron concentration in our purified protein sam-
ples was determined according to a method described by Bein-
ert (23). Briefly, 100 nmol of untagged THI5p was treated with
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1% HCI (w/v) in a final volume of 100 ul and incubated for 10
min at 80 °C. The sample was then cooled to room temperature
before adding in this order: 500 ul of 7.5% (w/v) ammonium
acetate, 100 ul of 4% (w/v) ascorbic acid, 100 ul of 2.5% (w/v)
SDS, and 100 ul of 1.5% (w/v) ferrozine. After centrifugation at
11,000 X g for 2 min, the absorbance at 593 nm was measured.
A standard curve was made in parallel using 2—20 nmol of fer-
rous ammonium sulfate from a 0.2 mm stock solution. An esti-
mation of the amount of iron released from the protein was
extrapolated from the standard curve.

Yeast Complementation—S. cerevisiae strain RWY16 (MA T«
ade2A::hisG his3A200 thil3:HIS3 leu2A0 thil2:LEU2 lys2A0
met1SAO0 trp1D63 thill::TRP1 ura3A0 thi5::KANMX4; see Ref.
9) and SD complete medium, i.e. supplemented with all the
amino acids and bases (with the exception of uracil as appro-
priate, see below), was used throughout. Glucose was added as a
carbon source to a final concentration of 2% (w/v), apart from
the complementation assay itself, where it was replaced by 2%
raffinose + 0.01% glucose for preparation of the overnight cul-
ture and then by 2% galactose to achieve maximal expression of
THI5p (GAL1 promotor induction) during the complementa-
tion. Prior to transformation, RWY16 was cultivated on SD
complete medium. All of the yeast DNA transformations were
performed with the polyethylene glycol/lithium acetate
method (24). The selection of transformants was performed in the
absence of uracil by growing at 30 °C for 72 h. The pBG1805-ORF
YFLO58W plasmid was used as the template for all site-directed
mutagenesis manipulations (see supplemental Table S1 for
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FAMP binding
protein ThiY

Methionine
binding
lipoprotein

Alkanesulfonate
binding protein
SsuA

FIGURE 1. Structure of THI5p. A, overall view of the THI5p monomer showing the two domains (colored in salmon and green) with a-helices, B-strands, and
connecting loops (molecule C, crystal 1). The PLP bound to molecule B of crystal 1 is superimposed on molecule C and shown as sticks. B, three representative
periplasmic binding protein models, ThiY (31X1), SsuA (3KSX), and methionine binding lipoprotein (3TQW). Bound substrates are shown as red sticks.
G, topology diagram of THI5p. Secondary structure elements are numbered starting from the N terminus. The structural panels in this figure and the following

have been prepared with the program PyMOL (available on line).

primer sequences). All mutations were subsequently con-
firmed by DNA sequencing. For the complementation assay,
the RWY16 strains harboring pBG1805-ORF YFLO58W
plasmid with either wild-type or mutant THIS sequences were
cultivated overnight at 30 °C in 5 ml of SD complete medium
minus uracil. Cells were washed 10 times with 10 ml of sterile
water and resuspended in 10 ml of sterile water. The A, of
each cell suspension was adjusted to 0.2 units by dilution
with sterile water in 96-well plates. For each strain, this sus-
pension was diluted 1:10 and 1:100, leading to an A4y, of 0.02
and 0.002, respectively. The different dilutions were then
spotted onto solid SD complete medium in the presence or
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absence of thiamin (1.2 um) and with 2% galactose as the
sugar source.

RESULTS AND DISCUSSION

Overall Structure of THISp from Yeast—The HMP-P syn-
thase (annotated as THI5p) from S. cerevisiae was cloned and
recombinantly expressed in E. coli either without or with a
C-terminal hexahistidine tag. The tagged form was used for
crystallization studies. THI5p crystallized in two space groups,
P2, with eight molecules in the asymmetric unit (crystal 1 and
crystal 3) and P2,2,2,; with two molecules (crystal 2). Atomic
models were subsequently refined to 2.7 A resolution (crystals 1

pCEVEN
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FIGURE 2. THI5p is a dimer. A, ribbon representation of the THI5p dimer (molecule A and B, crystal 1) with Trp-12 highlighted in stick mode. The boxes indicate
the contact points shown in more detail in Band C. B, close view of contact point 1 formed upon THI5p dimerization indicating backbone interactions that form
a pseudo B-sheet as well as hydrogen bonds (see main text for details). C, contact point 2 showing residues from each monomer that establish multiple
hydrogen bonds (see main text for details). D, static light scattering analysis of THI5p. The calculated weight average molecular mass (bold red line) and the
Rayleigh ratio (plain red line) were plotted in an elution volume-dependent manner.

and 2) or 2.9 A resolution (crystal 3; Fig. 14; see Table 1 for
crystallographic and refinement data). THI5p adopts a fold typ-
ical of bacterial PBPs (Fig. 1B; 25), e.g. the N-formyl-4-amino-
5-(aminomethyl)-2-methylpyrimidine-binding protein, ThiY;
the aliphatic sulfonate binding protein, SsuA; or the methio-
nine-binding lipoprotein from Cowxiella burnetii, despite its
very low sequence identity (less than 20%). Structurally, THI5p
is composed of two domains, which have a three-layer afa
architecture (Fig. 1, A and C). The mixed B-sheets of the two
domains contain five 3-strands with the respective topologies,
TBalBioT BT B 1B, (domain 1) and 18,1871 Bs |
Bs T By (domain 2). The two domains are connected by cross-
over loops between strands 8, and 5 and between strand f3,
and helix 1,. Moreover, domain 2 is surrounded and stabilized
by the helices «;, and «;, of domain 1 (see the topology dia-
gram in Fig. 1C). In several cases, the protein fragments (resi-
dues 117-130 and residues 187-195) and the C-terminal

“BSEpEN
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extremity of THI5p (residues 335—-340) were prone to disorder
as judged from missing electron density signals (see supple-
mental Table S2 for the exact list of residues absent in each
molecule).

We observed THI5p as a dimer in crystals 1-3, with each
crystal containing either 4 (crystal 1 and 3) or 1 (crystal 2)
dimer(s) per asymmetric unit. Notably, the dimer is built from
the same surface of interaction in the two crystal lattices. Spe-
cifically, on the one hand two monomers form a pseudo antipa-
rallel B-sheet with their B,-strands (Fig. 24), which is further
stabilized by multiple hydrogen bonds contributed by the side
chain oxygen atoms of residues Glu-41 and Thr-43 (Fig. 2B). A
second contact point involves Lys-147, Tyr-148, and Lys-153 in
one monomer and Asp-244 in the other monomer (Fig. 2C).
Additional contacts are found between hydrophobic residues
from both monomers located in domain 1. Altogether, these
multiple contact points bury ~10% of each monomer surface
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FIGURE 3. Defining the active site of THI5p. A, UV-visible spectra of THI5p (0.6 mwm) in the presence (dashed line) or absence (black line) of sodium hydroxide
(0.1 m). B, HPLC profile of vitamin By standards (5 pmol, blue) and the released PLP from THI5p in A (red). PL(P), pyridoxal(phosphate); PM(P), pyridoxamine-
(phosphate); PN(P), pyridoxine(phosphate); 4-dPN, 4-deoxypyridoxine. AU, absorbance units. G, close view of the active site of THI5p (molecule B, crystal 1). Key
residues and PLP are shown in stick mode. Protein domains and atoms are colored as in Fig. 1A. D, yeast complementation assay. Strain RWY 16 transformed with
wild-type THI5 (WT) or mutants thereof as indicated; n.t., not transformed. The three spots in each column are respective 1:10 serial dilutions.

(supplemental Fig. S3) (39). Furthermore, these intermolecular
contact points are mirrored on each side of the dimer interface,
thus locking the subdomains in a given orientation. The THI5p
dimer was also observed in solution as shown by size exclusion
chromatography coupled to static light scattering, where the
estimated size of the protein (75,250 Da) approaches that
expected of a dimer (77,184 Da; Fig. 2D). Recently, the structure
of the Candida albicans THI5p homolog was solved by Lai et al.
(12). It is unclear from the data presented if they also observed
this dimeric organization, likely important for the structural
organization of the catalytic site (see below).

Defining the Active Site of HMP-P Synthase— Although it has
been proposed that HMP-P synthase from yeast uses a B vita-
mer molecule as a substrate during HMP-P biosynthesis (10,
26), the identity of this vitamer remained to be verified. During
the course of the THI5p purification protocol employed in this
study, we observed that the protein preparations had a pale
yellow color. A UV-visible absorbance spectrum of the purified
protein revealed a maximum at 425 nm with a distinct shoulder
at 332 nm in addition to the protein peak at 280 nm (Fig. 3A4).
These absorption bands are characteristic of the keto-enol tau-
tomeric equilibrium of a pyridoxal 5'-phosphate (PLP) mole-
cule when bound to the protein as a Schiff’s base (27, 28). PLP is
one of nature’s most versatile cofactors and is well established
as co-purifying with proteins dependent on it as a cofactor.
Treatment of the protein with sodium hydroxide induced a
hypsochromic shift of the 425 nm band to 400 nm, which is
characteristic of the release of free PLP (Fig. 34) (28). More-
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over, an HPLC analysis of the latter compound, as released
upon alkali treatment of the protein compared with B, vitamer
standards, confirmed that it was indeed PLP (Fig. 3B). These
features were observed with both the untagged and the C-ter-
minal hexahistidine-tagged version of the protein used for the
structural study. No other B, vitamer was observed upon puri-
fication and alkali treatment of the protein. Thus, armed with
the knowledge that HMP-P synthesis in yeast is dependent on
vitamin B as a substrate, this strongly suggested that PLP is the
vitamer being used by the THI5p protein. At a minimum, this
study provides the proof that HMP synthase is covalently
bound to PLP.

In this context, it is noteworthy that the two subdomains
described for THI5p define a space where the structurally
related PBP proteins generally bind their cognate ligand (Fig.
1B). This region contained strong electron density peaks in
both the 2F, — F_ and the F, — F, electron density maps. One
molecule of crystal 1 and four molecules of crystal 3 showed
electron density peaks large enough to build a PLP compound
(Fig. 3C; supplemental Fig. S1; see “Experimental Procedures”
for details). In all cases, PLP is covalently bound to Lys-62 in
THI5p with the phosphate group stabilized by a glycine-rich
loop near the N terminus of helix a4 (Fig. 3C). Such a configu-
ration is often seen in PLP-dependent enzymes (29, 30). The
imine linkage to Lys-62 was similarly observed in the recent
structure of the C. albicans THI5p homolog reported to be in a
complex with PLP (12). The molecules with smaller F, — F,
peaks or with no signal in the 2F, — F_ electron density map
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B

FIGURE 4. PLP/THI5p interaction network. A, schematic diagram of the interaction network formed between PLP and the THI5p active site residues. The
LigPlot software (38) was used for plotting with the legend as indicated. B, close view of THI5p-bound PLP with hydrogen bonds to O3 and NZ of PLP indicated
(see main text for details). C, a large empty cavity is found around the N1 atom of PLP. Several red lines show the distance to the nearest THI5p atoms. In contrast
to PLP-dependent enzymes, no salt bridge was found between N1 of PLP and THI5p. The polypeptide chain used for rendering is molecule B from crystal 1.

TABLE 2

Quantification of iron by the ferrozine assay
The standard errors are the average of three experimental repetitions.

Mutant THI5p
Ferrous ammonium sulfate Manganese Nickel THI5p-WT K62A H66A C196A C199A
N (nmol) 2 5 10 20 100 100 100 100 100 100 100
Asoz 0.032 =0.001  0.089 =0.001  0.152 =0.001  0.346 = 0.001  0.000 = 0.000  0.000 = 0.000  0.041 = 0.001  0.025 = 0.001  0.015 = 0.001  0.009 = 0.002  0.012 * 0.002

generally showed a difference density peak near the glycine-
rich loop, in which we positioned a sulfate ion present in the
crystallization buffer, based on the coordination sphere.
Interestingly, the pyridine ring of PLP is sandwiched
between the indole ring of Trp-12 and the imidazole ring of
His-66 (Fig. 3C). Furthermore, the His-66 NE2 atom forms a
hydrogen bond with the O4P of PLP, whereas asparagine 11
contacts the O3 position of PLP (Fig. 3C). The PLP O3 posi-
tion is crucial in the ketoenamine and enolimine tautomeric
equilibrium. Such a network of interactions locks the PLP in
a precise position and orientation, reinforcing the notion of
its role as a substrate rather than as a co-factor (see below for
details).
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To validate the functionality of the amino acid residues
responsible for PLP association, we set up a complementation
assay in yeast. The THIS5 gene family of S. cerevisiae comprises
four highly conserved members named THIS (YFLO58w),
THII1 (YJR156¢), THI12 (YNL332w), and THII3 (YDL244w).
For our purpose, we employed a strain of S. cerevisiae where all
four THIS paralogs have been knocked out (strain RWY16,
MATa ade2A:hisG his3A200 thil3:HIS3 leu2A0 thil2::LEU2
lys2A0 met15A0 trp1D63 thil 1::TRPI ura3A0 thi5: KANMX4;
Ref. 9). This strain does not grow in the absence of thiamin
supplementation; however, reintroduction of the wild-type
THIS5 gene alone allows the strain to grow in the absence of
thiamin (Fig. 3D). Notably, transformation of RWY16 with
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modified THI5 coding sequences, where any one of the active
site residues Asn-11, Trp-12, Lys-62, or His-66 (Fig. 3C) has
been mutated to an alanine, abolishes the capacity of the strain
to sustain growth in thiamin-free medium (Fig. 3D). As an extra
control, introduction of THI5 mutated at glutamine 164, which
does not appear to be part of the active site, permits growth
identical to the wild type on medium lacking thiamin (Fig. 3D).
This study thus validates the assignment of active site residues.
It is noteworthy that His-66 has been suggested to be the source
of histidine for pyrimidine formation by Lai et al. (12). The
mutant forms of THI5p used for crystallization (THI5p-mutant
4 and 5) were also tested for complementation and showed a
level of growth similar to that of the wild type (supplemental
Fig. S4).

PLP, a Substrate Rather than a Cofactor—Solving the struc-
ture of S. cerevisiae THI5p with PLP bound allows us to perform
a direct comparison with PLP-dependent enzymes. PLP-de-
pendent enzymes can be classified into five groups based on
their fold (31). However, THI5p is not homologous to any of the
PLP-dependent enzyme families based on either sequence
identity or structural similarity, because none of the five differ-
ent folds superimposes with that of THI5p. Nevertheless, a
closer comparison of the presently identified active site of
THI5p with that of PLP-dependent enzymes demonstrates
architectural similarities but also, and more importantly, signif-
icant differences in the way the B, vitamer binds to THI5p (Fig.
4A). One common observation between THI5p and PLP-de-
pendent enzymes is the covalent association of PLP with a
lysine residue (Fig. 3, A and C). However, although the reaction
center of PLP-dependent enzymes is located around this cova-
lently bound lysine, there is no space to accommodate another
molecule near the Lys-62 residue. The O3 atom of PLP, next to
the covalently linked lysine NZ atom, plays a critical role in the
keto/enol tautomeric equilibrium, the ketoenamine being the
reactive form of the co-factor PLP (29). In our structure, this
atom is hydrogen bonded to the ND2 position of Asn-11 (Figs.
3C and 4B). Simultaneously, the backbone oxygen of Pro-45
forms a hydrogen bond with the NZ position of PLP (Fig. 4, A
and B), a situation unusual for PLP-dependent enzymes. Fur-
thermore, PLP-dependent enzymes establish a salt bridge with
the N1 position of the bound PLP to regulate its protonation
state and therefore its capacity to increase the positive
charge of the NZ atom, again favoring the keto form in the
tautomeric equilibrium. In our PLP-bound THI5p structure,
the shortest distance between a protein atom and the N1 po-
sition is 3.75 A and corresponds to the carbon atom at CZ3
position of Trp-12. The CE1 position of His-66 and the sulfur
group of Cys-199 are 4.35 and 4.95 A away, respectively (Fig.
4C). Such an environment around the nitrogen atom of the
pyridine ring would not favor its electron withdrawing poten-
tial necessary for its co-factor function (32). It is likely that a
similar situation is found in the C. albicans THI5p homolog
structure (12). Moreover, these modifications and the face-to-
edge orientation of Trp-12 and His-66 with regards to the PLP
molecule likely modify the electronic properties of the PLP
mr-orbitals. Although the latter are known to be an important
determinant for the specificity imparted by particular PLP-me-
diated reactions like deprotonation/decarboxylation (33), the
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FIGURE 5. A CCCFC motif is essential for THI5p activity. A, conserved iron-
binding motif CCCFC (shown in “blue” in stick mode) is located at the interface
between domains 1 and 2 within the active site of THI5p. The panel was
rendered using molecule C from crystal 1. B, yeast complementation assay
demonstrates that each individual cysteine residue is essential. Strain RWY16
transformed with wild-type THI5 (WT) or mutants thereof as indicated; n.t,
not transformed. The three spots in each column are respective 1:10 serial
dilutions.

recently proposed Diels-Alder reaction mechanism of HMP-P
biosynthesis is also critically dependent on conjugated  sys-
tems (10, 12). The above noted differences would allow the use
of PLP as a substrate rather than as a co-factor by modifying its
electronic orbitals to favor the PLP reaction with the cyanamide
donor to form HMP-P (Figs. 3C and 4B).

Requirement of an Iron Atom for HMP-P Biosynthesis—W'e
proceeded to further characterize THI5p by mass spectrometry
analysis. Interestingly, electrospray ionization mass spectrom-
etry (ESI-MS) of the untagged protein revealed a single pre-
dominant peak with a mass of 38,513.4 Da (supplemental Fig.
S5). This corresponds to the predicted size of the protein
(38,460.5 Da) plus an additional mass of 52.9 Da. To assess the
possibility that the 52.9-Da additional mass could be due to the
presence of an iron ion, a ferrozine assay was performed, spe-
cific for iron quantification in biological samples (23, 34), and it
clearly shows the presence of an iron atom (Table 2). Indeed,
the very recent study of Lai et al. (12) noted that reconstitution
of HMP-P synthase activity requires the presence of iron, cor-
roborating our findings. Given that we isolated the protein
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FIGURE 6. Gating mechanism for HMP-P biosynthesis. A, surface representation of THI5p. The view shows the large internal cavity where PLP is bound with
residue Trp-12 acting as a gate. His-66 and Asn-11 are shown as colored sticks. Band C, ribbon representations highlighting the THI5p dimerization contacts and
the residue Met-143 (domain 2) as possible key components locking Trp-12 (blue, domain 1) and PLP (yellow) in place. The representations are based on

molecule B from crystal 1.

under aerobic conditions coupled with the observation that
oxygen is required for the reaction (12), it can be assumed that
Fe(II) is required for the HMP-P synthase reaction to occur.
Although we did not observe any iron ion in our x-ray struc-
tures of THI5p, the putative binding site of the iron atom can
still be proposed. In particular, all THI5p homologs have a
strictly conserved CCCFC motif in the middle of their sequence
(S. cerevisiae THI5p residue numbers 195-199). This sequence
has previously been proposed to accommodate an iron-sulfur
cluster based on the structure of the PBP protein, ThiY,
although the motif could not be modeled, as it does not exist in
the latter (35). This atypical motif was clearly visible in our
experimentally phased electron density map (Fig. 5A4). It is
unclear if the C. albicans THI5p structure had a visible CCCFC
motif (12). Nevertheless, the authors did not assess the func-
tional importance of this strictly conserved sequence. This
motif does not adopt a particular configuration similar to any
known iron-binding fold, perhaps due to the absence of a bound
iron in our crystal structure. To validate the functional impor-
tance of these cysteine residues during HMP-P synthesis, we
mutated each into an alanine residue and performed the com-
plementation assay as before. Notably, the mutation of any of
these individual cysteines (Cys-195, Cys-196, Cys-197, or Cys-
199) resulted in the abolishment of the growth of RWY16 on
thiamin-free medium (Fig. 5B). Moreover, the ferrozine assay
revealed a considerable reduction in the absorbance at 593 nm
with the recombinantly expressed mutant proteins, indicating
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an attenuation in the coordination of iron (Table 2). Therefore,
we propose that these cysteine residues coordinate an iron
atom necessary for the HMP synthesis reaction mediated by
THI5p.

Dimerization Is Likely to Mediate a Gating Mechanism in
THI5p—PLP is bound to THI5p within a large internal cavity
between domains 1 and 2 (Figs. 14 and 6A). In our x-ray struc-
ture, access to this cavity is blocked by Trp-12. Interestingly, the
Met-143-containing loop of domain 2 is stacking on Trp-12,
locking it in place (Fig. 6B). We propose that the cavity is gated
by Trp-12, movement of which is facilitated by the flexible loop
containing Met-143. Similar situations have been encountered
in PLP-dependent enzymes, where flexible loops have been
proposed to act as lids opening and closing the active site (36).
In this context, it is noteworthy that the Met-143 residue
appears to be held in place by one of the nearby THI5p
dimerization contact points as described earlier involving Lys-
147, Tyr-148, and Lys-153 (Fig. 6, B and C). PBP proteins typi-
cally exist as monomers and undergo open and closed confor-
mations to trap their respective substrate, a mechanism also
known as the Venus Flytrap mechanism (37). As THI5p adopts
a PBP fold, we believe its domains are able to move as rigid
bodies. However, upon dimerization, these movements will be
hindered (Figs. 2A and 6B). The intriguing possibility that
THI5p utilizes dimerization to facilitate trapping of its sub-
strate provides a fertile area for future work to further explain
the enzymatic mechanism of this remarkable enzyme.
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Conclusion and Outlook—Although a clear explanation for
the use of PLP as a substrate in the biosynthesis of HMP-P has
now been provided, one question that intrigued us pertained to
the second substrate, histidine. We did not obtain any evidence
for the presence of histidine in our x-ray structures. Moreover,
we could not see how histidine could be accommodated in the
active site of THI5p, according to our structural analyses. The
answer to this conundrum has been provided by Lai et al. (12)
while our study was being completed, such that the comple-
mentary information provided by both studies now provides a
comprehensive description of HMP-P synthase. Interestingly,
the evidence provided by Lai et al. (12) suggests that it is in fact
the active site His-66 residue that is used as the second sub-
strate. This scenario thus mirrors that of the companion pro-
tein THI4p, which is required for the biosynthesis of the other
heterocycle moiety of thiamin (thiazole), where a backbone cys-
teine is utilized to provide the sulfur of the thiazole ring (8). The
utilization of both THI4p and THI5p in such a single turnover
capacity could serve to balance the separate provision of the
pyrimidine and thiazole heterocycles, respectively. It is impor-
tant to note that yeast does not have thiamin pyrophosphate-
dependent riboswitches, as observed in bacteria and plants, to
shut down the biosynthesis pathway once the supply has been
met (3). Important physiological consequences like PLP deple-
tion could occur if THI4p and THI5p activity levels are not
controlled properly. Such single-turnover enzymes provide an
alternative mechanism to ensure that the PLP pool is not
depleted, thus removing the need for riboswitch control of
thiamin biosynthesis in yeast.
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